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Abstract 
PLZT is a transparent piezoelectric polycrystal usually used for controlling the polarization of a light by an applied voltage. 
However, PLZT has some disadvantages that it is difficult to obtain polarization properties in detail. The reason for the problem 
is that when a polarized light induced into PLZT, there are depolarization by scattering in the crystal grain boundary. To evaluate 
optical properties of PLZT, we have measured its Mueller matrices under applied voltages by using the dual-rotating retarder 
polarimeter proposed by Azzam. For analysis of detailed polarization properties, we have decomposed its Mueller matrices by 
the decomposition algorithm given by Chipman. Birefringence and depolarization of PLZT depend on applied voltage. And 
depolarization ratio rapidly decrease when applied voltage is in the specific range. 
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1. Introduction 
Recently there has been considerable interest in adaptive optics for the accuracy improvement in optical systems. 
Electrically controllable optical elements are more desirable for adaptive optics. One of useful materials for 
polarization control is PLZT (lead lanthanum zirconate titanate)[1]. It is a transparent piezoelectric polycrystal 
usually used for controlling the polarization of light by an applied voltage. These characteristics arise from crystal 
grains with a spontaneous polarization. Applications of PLZT to a polarization control device for adaptive optics 
demand to obtain detailed polarization properties. However, PLZT has some disadvantages that it is difficult to 
obtain polarization properties in detail. The reason for the problem is that when a polarized light induced into PLZT, 
there are depolarization by scattering in the crystal grain boundary. Furthermore, an output light is mixed 
polarization such as retardance, diattenuation, and polarizance.  
For measurement of all polarization properties quantitatively, we focused on the Mueller matrix[2]. The 
polarization state of an incident light is characterized by the Stokes vector and the Mueller matrix transforms the 
incident Stokes vector into the transmitted Stokes vector. Thus, the Mueller matrix describes all polarization 
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier B.V. 
Selection and/or peer-review under responsibility of the Organising Committee of the ICOPEN 2011 conference
Open access under CC BY-NC-ND license.
Makoto Ginya et al. / Physics Procedia 19 (2011) 398–402 399
,inout SMS  
properties including depolarization of the sample. For analysis of individual polarization properties, the Mueller 
matrix needs to be decomposed by using the decomposition algorithm given by Chipman[3]. By using the algorithm, 
retardance, diattenuation, and depolarization of the sample are derived from the Mueller matrix.  
To evaluate optical properties of PLZT, we have measured its Mueller matrices under applied voltages by using 
the dual-rotating retarder polarimeter that is combined with a microscope for detecting a distribution of the matrices. 
For analysis of detailed polarization properties, we have decomposed its Mueller matrices. 
2. Optical characteristics evaluation by using the Mueller matrix 
The polarization state of light can be characterized by four measurable real parameters called the Stokes 
polarization parameters. The first parameter S0 expresses the total intensity of light. The remaining three parameters 
S1, S2, and S3 describe the polarization state. S1, S2, and S3 express the intensity of horizontal linear polarization, 45-
degree linear polarization and right circular polarization, respectively. There is usually expressed as a 4D column 
vector called the Stokes vector. The Stokes vector is a complete representation of the polarization state. When an 
incident light represented by the Stokes vector Sin is changed by an optical element, the Stokes vector of the incident 
light undergoes a linear transformation to the new Stokes vector Sout. This 4×4 transformation matrix is the Mueller 
matrix. The relationship between the incident Stokes vector Sin, the transmitted Stokes vector Sout, and the Mueller 
matrix M are described as, 
 
                                                                     (1) 
 
 
 
 
(2) 
 
 
 
Thus, the Mueller matrix describes all polarization properties including depolarization of a material in transmission. 
The properties of retardance, diattenuation, and depolarization can be obtained from the Mueller matrix. For 
analysis of individual polarization properties, the Mueller matrix needs to be decomposed by using the 
decomposition algorithm given by Chipman. This polar decomposition allows the Mueller matrix to be decomposed 
into the product of the three factors. The Mueller matrix M can be written by the product of the three factors of 
retardance, diattenuation and depolarization, 
 
(3) 
 
where M', MR, and MDare the Mueller matrix of a pure depolarizer, a pure retarder, and a pure diattenuator, 
respectively. And MR can be written by the Mueller matrix of a circular retarder MROT and a linear retarder MLR, 
 
(4) 
 
The value of linear retardance į and azimuth angle ĳ are able to be calculated from MLR. Similarly, the value of 
optical rotation ȥ, diattenuation D, and depolarization ratio ǻ are able to be calculated from MR, MD, and 
M'respectively. 
3. Measurement principle of the Mueller matrix with dual-rotating retarder polarimeter[4]. 
The Mueller matrix can be measured by the dual-rotating retarder polarimeter as shown in fig. 1. The polarimeter 
consists of a light source, a polarizing part, a sample, an analyzing part and a detector. The polarizing part consists 
of a linear polarizer and a quarter-wave plate (QWP). The sample is followed by the analyzing part which consists  
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Fig. 1 Optical setup of dual-rotating retarder polarimeter[4]. 
 
of a QWP followed by a linear polarizer. The two retarders are rotated at different angle but constant rotation ratio 
1:5, and this results in a modulation of the detected intensity. The Mueller calculation for the system is, 
 
(5) 
 
where A, Q, X and P are the Mueller matrix of a linear polarizer, a quarter-wave plate, a sample and a linear 
polarizer, respectively. Sin and Sout are the Stokes vector of the light source and the detected light. T is rotation angle 
of the QWP. Therefore the first element of the Stokes vector is equivalent to the detected intensity. The detected 
intensity Idet is given by, 
 
 
(6) 
 
 
where a0, an, and bn are sum of the Mueller matrix elements of a sample. Thus, the Mueller matrix of the sample is 
found through a relationship between the Fourier coefficients of date set of the modulated detected intensity and the 
elements of the sample matrix. 
The Mueller matrix elements must be compensated for the errors in retardance of the retarders and the errors 
caused by the inability to align the polarizing elements precisely. The three kinds of polarization elements have 
errors associated with their initial azimuthal alignment with respect to the first polarizer. And the retarders may have 
retardance that differs from quarter wave. We have calibrated the errors by using a method proposed by Goldstein[5]. 
The polarimeter is operated without a sample, and Fourier coefficients obtained from the measured modulated 
intensity. Without a sample in the polarimeter, a measured matrix is the identity matrix. By comparing measured 
Mueller matrix calculated from obtained Fourier coefficients with the identity matrix, errors in their initial azimuthal 
angle and retardances are calculated. Using the error values and the error-compensation equations which are 
calculated from eq. (5), the error-compensated Mueller matrix elements of the sample are obtained. 
4. Results and discussions 
In order to check the accuracy of the polarimeter, we measured the Mueller matrix of a QWP and decomposed its 
Mueller matrix by Chipman’s method. Light source is a laser diode which has a wavelength of 635nm. Rotating 
angle of the QWP is being rotated from 0° to 180°. After compensation by Goldstein’s method, measured linear 
retardance was 90° ±1.5° without depending on rotation angle of the QWP. And the errors of azimuth angle from 
rotation angle were ±2.0°. 
Polarization properties of PLZT were measured under an applied voltage from 0 to 950 V. A composition of 
measured PLZT crystal is (Pb 0.911 La 0.089)(Zr 0.65 Ti 0.25). Firstly, the Mueller matrices were measured while 
raising applied voltage, and then they were measured while lowered applied voltage. There was a change in 
retardation and depolarization with an applied voltage. Figure 2(a) shows linear retardance G and azimuth angle M, 
and (b) shows depolarization ratio '. In fig. 2, birefringence and depolarization exhibit hysteresis characteristics. 
Linear retardance increased linearly with increasing applied voltage. Azimuth angle changes in the range of 0 to 600 
V. And in the range of more than 600 V, azimuth angle becomes constant. Depolarization ratio rapidly decrease 
when applied voltage that azimuth angle becomes constant, and increase again near 900 V. We infer that these 
changes are caused by keeping directions of spontaneous polarization by an external electric field.  
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(a) birefringence                                                      (b) depolarization                                  
Fig. 2 Birefringence and depolarization of PLZT depending on applied voltage. 
 
In confirmation of this view, by using a microscope the Mueller matrix could be measured in two dimensions and 
distributions of each polarization property were enabled to observe. Figures 3 and 4 show two-dimensional spatial 
distribution of birefringence and depolarization ratio on raised applied voltage. The applied voltage was in a 
longitudinal direction. In fig. 3, azimuth angle has several directions without applied voltage, and boundaries 
between definitely different directions are indicated in dotted lines in fig. 3(a). On increasing applied voltage, 
azimuth angle is oriented in the electric field. And domains of polarization to be given in Fig. 3(a) were disappeared. 
However in fig. 3(d), birefringence varies markedly at different areas in 900 V. In fig. 4(b) and (c), areas of A and B 
which are area of high depolarization ratio were disappeared when applied voltage rose to 800 from 500 V. And in 
fig. 4(d), depolarization ratio increased when applied voltage that birefringence is changed markedly. The highest 
operating voltage of the sample is 1000 V. Thus, we infer that the phenomenon that birefringence and depolarization 
are changed in high applied voltage is caused by electrostrictive strains and piezoelectric strains inside of the 
polycrystal.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Birefringence distribution of PLZT under applied voltage. 
 
 
 
 
 
 
 
 
 
 
Fig. 4 Depolarization distribution of PLZT under applied voltage. 
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5. Conclusion 
The Mueller matrices of PLZT ferroelectric polycrystal have been measured with a dual-rotating retarder 
polarimeter, and each polarization property as a function of an applied voltage were obtained. Birefringence and 
depolarization exhibit hysteresis characteristics. Depolarization ratio becomes lower when applied voltage is in a 
specific range. It is remarkable that depolarization ratio rapidly decrease when applied voltage that azimuth angle 
becomes constant. We infer that these changes are caused by keeping directions of spontaneous polarization by 
external electric field. Therefore information on the two-dimensional spatial distribution of birefringence and that of 
depolarization was obtained and observed by using the polarimeter with a microscope. On increasing applied 
voltage, the electric field prepares the directions of azimuth angle. And depolarization ratio becomes small when 
birefringence shows the same state. In addition, we observed that birefringence and depolarization of PLZT are 
changed markedly near highest operating voltage. 
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